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ABSTRACT
We report measurements of emission cross sections for iron L-3hel linesih peaformed on the
electron beam ion trap EBIT-Il using a combination of a crystal spectrometer and the6Gpaée element

X-Ray Spectrometer microcalorimeter from tAstro-E X-ray satellite mission. Use of the microcalorimeter
enables for first time the normalization of line emission cross sections, i.e., effective electron impact excitation
cross sections that include radiative cascades, to the well-established cross section of radiative electron capture,
thus allowing the normalization of relative line intensity measurements using crystal spectrometers.

Subject headings: atomic data— atomic processes — methods: laboratory — X-rays: general
On-line material: color figure

1. INTRODUCTION resolution better than 25 eV (Le Gros et al. 1995; Kelley et
al. 1999; Stahle et al. 1999).

Accurate iron L-shell atomic data are important for the in-  Recently, the spare X-Ray Spectrometer (XRS) microcalori-
terpretation of astrophysical observations (Kahn & Liedahl Meter detector (Kelley et al. 1999; Porter et al. 1999; Audley et
1990). The need for accurate data has become crucial following@l- 1999; Gendreau et al. 1999; Boyce et al. 1999) from the
the availability of high-resolution X-ray data collected by the Astro-E mission (Ogawara et al. 1998) was installed on EBIT-
X-Ray Multi-Mirror Mission (XMM-Newton) and theChandra Il (Porter et al. 2000). The XRS has unique features that enabled
X-Ray Observatory. To address this need, the laboratory astro- the present measurements. The_se are a combma’qon of high ef-
physics program utilizing the electron beam ion trap facility fective area (12.5 mfy, electronic stability, and microsecond
EBIT-Il at the Lawrence Livermore National Laboratory has time resolution absent in other devices. This combination is
produced detailed sets of Fe L-shell line positions and relative "€eded because the RR cross sections are about 3 orders of
line intensities (Brown et al. 1999a). It also has measured aMagnitude smaller than the electron impact excitation cross sec-
number of line emission cross sections (Gu et al. 1999b, 2001),tions of L-shell ions, making it necessary to observe with large-
where the Fe L-shell line emission measurements were nor-area detectors for long times without electronic gain drift. In this
malized to theoretical calculations. Letter we report our results for the three kerv n = 3—-2

Although such a normalization can be fairly reliable, espe- IN€S BPs;; = 2S.5,3p.,~ 25 1/, @and3d 5,,~ 2p 4,,) that in pre-
cially at high electron-ion collision energies, the accuracy of VIOUS measurements were normalized to theoretical values (Gu
electron scattering calculations is limited to 15%-30% (e.g., €t al. 1999b).

Zhang & Sampson 1989)—and may be much worse, by factors

of 2 or more, if the levels are affected by configuration inter- 2 EXPERIMENT

actions. A more reliable method is to normalize the measure-

ments to radiative electron capture, i.e., radiative recombination Our experiments were carried out on the EBIT-II device (Le-
(RR). This is because RR, the inverse of photon ionization, is vine et al. 1988). In addition to the spare XRS detector, we used
the simplest atomic scattering process and at high energy in-the flat-crystal spectrometer described by Brown, Beiersdorfer,
volves only one electron and one photon. An RR X-ray is pro- & Widmann (1999b). The crystal spectrometer is needed to re-
duced by capturing a free electron into a bound level. The X- solve individual L-shell Fe lines. It employed a %025 x

ray photon has an energy equal to the sum of the free electror25 mn? thallium acid phthalate crystal at a 2Bragg angle,
energy and ionization potential of the level into which the elec- giving wavelength coverage from 9.5 to 12(8.9-1.2 keV). It
tron is captured. At high electron energies, the RR cross sec-had a resolving power of 385 (FWHM of 2.6 eV at a photon
tions are known from both calculations and synchrotron mea- energy of 1 keV). For comparison, the microcalorimeter has
surements to an accuracy of 3%-5% (Saloman, Hubbell, & moderate resolution: FWHM of about 9 eV at a photon energy
Scofield 1988). of 1 keV. However, its bandwidth of 0.3-10 keV allows simul-

Normalization to RR has been used for the measurementganeous coverage of both Fe L-shell line emission (near 1 keV)
of effective excitation cross sections (Chantrenne et al. 1992;and RR radiation (at 4-5 keV) at the electron beam energies
Wong, Beiersdorfer, & Vogel 1995) for K-shell ions, but the used in our experiment. Normalizing the L-shell line emission
energy resolutionX160 eV) of the broadband X-ray detectors to RR requires knowledge of the intensity response of the XRS.
used in these studies was not sufficient to determine the emisA detailed calibration of its response was obtained before the
sion cross section of L-shell ions. This situation has changedEBIT-II experiments (Gendreau et al. 1999; Audley et al. 1999).
with the advent of microcalorimeter detectors that have energy This includes the transmission of the five thin-foil filters (four
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Fic. 1.—Fe spectra taken by the crystal spectrometer and the microcalorimeter 10
at an electron beam energy of 2.1 keV. The threexkie 3 — 2 lines marked
are Li3 @ps. = 2s,5), Li5 @py.— 2547, and Li6 8d g~ 2p 4).

Residual

Al/polyimide filters, with thicknesses of §4°5/¢95 A 498 N

775 A 1023 A1085 A and 1023 AL085 A the fifth filter is

a 1 um thick Be foil) used to separate the XRS and EBIT-II i
vacua as well as to reduce thermal loading on the XRS. Also, & 15
during the experiment we checked the filter response to look for &

ice buildup and to account for any changes (G. V. Brown et al. 104
2002, in preparation).

Ebeam=3.0 keV

Low-charge Fe was injected into EBIT-II using a metal vapor e
vacuum arc source (Brown et al. 1986). The ions were ionized 0 Janu bl
by the beam and trapped for about 5 s. Then the trap was T T T T T T
emptied and filled anew. We chose to analyze only those data 47 48 49 50 51 52
acquired after ionization equilibrium was reached, i.e., data Photaty Enefgly kev)

recorded at least 1 s after the injection. . Fic. 2.—Fe RR spectrum measured with the microcalorimeter at electron
Measurements were made at three electron beam energiegieam energies of 2.1 ke\op panel) and 3.0 keV ottom panel). Also shown

2.1, 2.5, and 3.0 keV. These energies are 2—3 times higher tharare spectral fits and residuals. Position and relative intensity of individual
the threshold for direct excitation. This prevents contributions transitions included in the fitting are indicated as thin lines and markers in the
to the line emission from dielectronic recombination and res- 3.0 keV spectrum.Jee the electronic edition of the Journal for a color version

s . . e . . of this figure.]
onance excitation, ensuring the line emission primarily comes
from direct electron impact excitation and radiative cascadesy g among different charge states are typically more than

from higher lying levels. Our method determines the emission yice the electron beam width and can be distinguished clearly
cross section of the Fe L-shell lines, i.e., the net cross section, the XRS spectrum.

of all line formation processes that contribute to the line emis-
sion at given electron energy.

Typical Fe spectra from both instruments are shown in Fig-
ure 1. The wavelength scale was established using line emission For charge statg the line intensity can be described by
previously measured on EBIT-1I (Brown et al. 1999a) and the
Princeton Large Torus tokamak (Wargelin et al. 1998). Most of
the Fe3 — 2 L-shell lines observed with the crystal spectrometer | = G(E)nTon(E) f n(r)n;(r)d®r. (1)
were resolved, while only a few of those observed with the
microcalorimeter were resolved, illustrating the need to operate
both simultaneously in the laboratory. In the case of the microcalorimeter measureméntgpresents

The RR spectra measured by the XRS microcalorimeter the effects of the angular distribution of the polarized radiation,
are shown in Figure 2 for electron beam energies of 2.1 andy is the quantum efficiency of the detector, ahds the filter
3.0 keV. The RR X-rays were produced by the capture of beamtransmissiong is the emission cross section of the line, and
electrons into the fine-structure levels of the ground states ofis the electron impact velocity. The integral of the electron
Fe°" through F&* ions. Unlike in a Maxwellian plasma, RR  densityn, and ion density, is over the emitting volume seen
X-rays excited by a nearly monoenergetic electron beam form by each instrument. For the microcalorimetér= 3/(3 — P)
distinct, resolved features. From the data we determine thefor electric dipole transition, wherB is the degree of linear
energy spread of the electron beam to4fe+ 2 eV for the polarization (Beiersdorfer et al. 1996). We experimentally mea-
2.1 keV electron beam anth = 3 eV for the 3.0 keV beam. suredl, 5, andT. The polarizatiorP was calculated using the
This width is larger than the fine-structure separations of the code of Zhang, Sampson, & Clark (1990). We also took into
individual RR lines. These separations are as little as 10 eV account the depolarizing effect due to the transverse beam en-
(see Fig. 2bottom panel, where the individual RR lines are  ergy of~200 eV (Gu, Savin, & Beiersdorfer 1999a). The vol-
indicated by thin lines), and therefore we cannot resolve themume integral needs to be determined by normalizing to the RR
in the XRS spectrum. However, the separations of the RR fea-intensity.

3. DATA ANALYSIS AND RESULTS
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the crystal and the microcalorimeter. We determine this factor

60 from the responses of the crystal spectrometer and microcalor-
-~ - imeter using the two Fexiv lines 1s?3p,,, — 1s22s,,, and
- 1s?3p.,, — 1s?2s,,,(labeled as Li5 and Li6 in Fig. 1) as common
o 40+ references. These two lines are well isolated from the other lines,
,,g - and their intensities can be determined accurately.

o | "R is determined by fitting the RR emission using the relative
a 20+ position and intensities of each RR fine-structure configuration
o - known from theory. We achieved very reliable spectral fits for
a the RR spectra at all three energies.

0 - Itis interesting to note that we have different charge balances

Fe XXIl Fe XXl Fe XXIV Fe XXV in the trap at these three electron energies, and this information
can be extracted from the RR intensities. From equation (2)

we can infer the ionization balance from spectral fits to the RR

data:

Fic. 3.—Relative Fe charge balance in EBIT-1l at two electron beam en-
ergies: 2.1 keV dray) and 3.0 keV Klack).

The RR intensities for each charge state are given by
| RR

(5)

n; oc C~RR R RR_ RR"
|RR — 2 GjRR(E)T,jRRrj R%j RR, (E) J nnrdt (2 2 Gj (E)nj RT] 3TJ
i

The results are shown in Figure 3 for the beam energies 2.1
The summation is over the fine structure of a given ion, rep- and 3.0 keV. The dominant ion in the trap wasBamu at an
resented by subscrigt For example, in the case of electron electron beam energy at 2.1 keV, while Eerv and Fexxv
capture by Li-like Fe to produce Be-like Fe, the ground-state jons became dominant at an electron beam energy of 3.0 keV.
fine structure include8s?, J(= 0 Ps,,2p,, J(=0J=1 ), The results of the emission cross sections for the three
and?2s,,2p,, 0 = 1,J = 2). By measuring the RR and line Fe xxiv lines are summarized in Table 1. The cross sections
emission intensity simultaneously with the same instrument, we from the present measurement are compared with the theoretical
can eliminate the volume integral and solve for the line emission values of the cross sections frdRamatrix calculations by Ber-

cross section: rington & Tully (1997). These cross sections have been used
by Gu et al. (1999b) for normalizing their line intensity mea-

> GFRRRT R RR | surements. The emission cross sections from Berrington &
= G—nTI?* 3) Tully (1997) include cascade contributions from= 3 and 4.

In principle, cascades from atl levels can contribute to the
measured emission cross section, whereby the total contribution
from all cascades is estimated to be about 15% (Gu et al.
1999b). Adding cascade contributions fron® 5 to the cal-
culated values will increase the calculated emission cross sec-
Qons. Because the overaR-matrix calculations are already

omewhat higher than the measured data, this will only increase
he difference, albeit by only a small amount.

Table 2 gives a summary of the error contributions for the
three lines. The error analysis included the statistical fitting
error of the line intensities, filter transmissions, and detector

l, = AM l,, (4) responses for the crystal spectrometers and the microcalori-
G Tene meter. We also estimated the errors associated with accounting
for the angular distributions and crystal reflectivities. An ad-
wherec stands for crystal and X for XRS. For the crystal spec- ditional error comes from determining the appropriate intensity
trometer, factorG includes not only the effect of the angular of the background level, given the high density of the unre-
distribution of the polarized radiation but also the response of solved weak Fe lines in the XRS spectra. In the analysis, we
the crystal reflectivity to polarized radiation (Beiersdorfer estimated the upper and lower limit of the background level
et al. 1992, 1996; Gu et al. 1999b). For the crystal reflectivity, to assess this error. The total error given is the quadrature sum-
we used a value averaged between perfect and mosaic crystalation of all individual errors. At 2.1 and 3.0 keV, the error is
(Henke, Gullikson, & Davis 1993). The geometry facforep- about 10%, while at 2.5 keV it is close to 20% because of lower
resents the ratio of the plasma volume in the field of view of counting statistics. The error associated with proper determina-

Because the XRS could not fully resolve tBe> 2 transition
lines, we had to rely on the crystal spectrometer to determine
the individual line intensities. In this circumstance, the vol-
ume integral cannot be eliminated by taking the ratio of equa-
tions (1) and (2) because two separate instruments were use
for the RR and line emission measurements. Instead, we firstt
need to extract the line intensity from the crystal data and relate
it to that of the microcalorimeter measurement:

TABLE 1
MEASURED EMISSION CROSS SECTIONS FOR THREE Fe xx1v LINES AT THREE ELECTRON ENERGIES
2.1 keV 2.5 keV 3.0 keV
TRANSITIONS Present Measurements  Theory Values Present Measurements  Theory Values Present Measurements  Theory Values
Li6: 3p;,— 2, ...... 3.1 (0.4) 4.2 3.4 (0.7) 3.9 3.4 (0.3) 3.7
Li5: 3p,,—2s,, ... 1.8 (0.2) 2.3 1.8 (0.4) 2.0 2.1 (0.2) 21
Li3: 3ds,— 2p5p,. ... .. 6.3 (0.6) 6.0 4.5 (0.9) 5.7 5.0 (0.5) 5.2

Note.—All emission cross sections are in units of ¥0cn?. Theory values are from Berrington & Tully 1997.
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TABLE 2
ERROR ANALYSIS (IN PERCENT) OF THE EMISSION CROSS SECTIONS AT THREE ELECTRON ENERGIES
2.1 keV
Quantum Quantum
Statistics ~ Statistics Efficiency  Efficiency  Background 2.5 keV 3.0 kev
TRANSITION (Line) (RR) Polarization  (Crystal) (XRS) Level Total  (Total) (Total)
Li6: 3p;, 2S5 - ... .. 6 2.2 2 0.1 <5 6.1 10.3 17.4 8.7
Li5: 3p,,— 2S5 «-. ... 7 2.2 0 0.1 <5 6.1 10.8 17.7 8.5
Li3: 3ds,— 2pg- .- - .- 3 2.2 2 0.1 <5 6.1 8.9 17.2 8.7

tion of the background level was the largest contributor to the solved, weak lines. The good agreement with theory in this
total error: it is about 8%—10% for measurements at beam en-case is in part expected owing to the simplicity of thexixev
ergies at 2.1 and 3.0 keV and 17% for those at 2.5 keV. ion: the single-valence electron greatly reduces the complexity
of calculation. The measurement technique we have demon-
strated will enable us to measure more complex ions, e.g., C-
like Fe xx1, which has a very complex atomic structure and

The combination of high-resolution crystal spectrometer and represents a challenge to calculation methods, but which is
broadband large-area microcalorimeter measurements enobserved in astrophysical spectra.
ables us to determine the emission cross sections of L-shell Fe
lines by direct normalization to the RR cross section. We re-
ported the results for severdl— 2 transitions fromBav This work was performed under the auspices of the US De-
at three electron energies. Our results validate distorted wavepartment of Energy by the University of California Lawrence
andR-matrix calculations used for normalization in our earlier Livermore National Laboratory under contract W-7405-Eng-48
measurements. The largest uncertainties in the measurementsnd was supported by NASA Space Astrophysics Research and
were caused by the difficulty of determining the background Analysis grants to the Lawrence Livermore National Laboratory,

4. SUMMARY

level in the XRS data because of the presence of many unrethe Goddard Space Flight Center, and Columbia University.
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